Neurogenesis is a subject of intense interest and extensive research, but it stands at the center of a bitter debate over ethical and practical problems. Neurodegenerative diseases, such as Alzheimer's disease (AD), accompanied by a shifting balance between neurogenesis and neurodegeneration, are suitable for stimulation of neurogenesis for the benefit of diseased patients. We have previously shown that Abs against the EFRH sequence of ␤-amyloid peptide (A␤P) prevent aggregation and disaggregate A␤P both in vitro and in vivo. EFRH, located in the soluble tail of the N-terminal region, acts as a regulatory site controlling both solubilization and disaggregation processes in the A␤P molecule. Here we show that anti-EFRH immunotherapy of a platelet-derived amyloid precursor protein transgenic mouse model of AD stimulates endogenous neurogenesis, suggested by elevated numbers of BrdU-incorporated cells, most of which are colocalized with a marker of mature neurons, NeuN. These newly born neurons expressed the activitydependent gene Zif268, indicating their functional integration and participation in response to synaptic input in the brain. These findings suggest that anti-amyloid immunotherapy may promote recovery from AD or other diseases related to A␤P overproduction and neurotoxicity by restoring neuronal population, as well as cognitive functions in treated patients.
A dult brain neurogenesis continues throughout life, helping to maintain nervous-system integrity. It involves neural stem cells (NSC) found in the two principal neurogenic regions: the subgranular zone (SGZ) of the dentate gyrus (DG), which generates the hippocampal interneurons (1) , and the forebrain subventricular zone (SVZ) of the lateral ventricles, which migrate to the olfactory bulb (2) (3) (4) (5) . NSC are self-renewing, multipotent cells that generate neurons, astrocytes, and oligodendrocytes in the nervous system. These progenitor cells migrate to their final locations and functions, becoming neurons or glia depending on their microenvironment (reviewed in ref. 6) . Alterations in the microenvironment may affect neurogenesis, rendering it ectopic or even blocked, thus leading to deficits in learning and memory (7) (8) (9) .
One of the major pathological features of the Alzheimer's disease (AD) patient's brain tissue is the abundance of amyloid plaques, composed of ␤-amyloid peptide (A␤P) (10) . The amyloid cascade hypothesis states that overproduction of A␤P, or failure to clear it, leads to AD primarily through amyloid deposition associated with cell death, which is reflected in memory impairment (11, 12) .
During the last decade, anti-A␤P immunization proved effective in amyloid burden reduction and improvement of memory deficits in AD transgenic (Tg) mice (13, 14) and in AD patients (15) . A few main mechanisms are considered to be involved in immunotherapy efficacy: catalytic dissolution of A␤ fibrils (16) ; opsonization of amyloid by the Ab and subsequent phagocytosis by microglia (17) ; and the peripheral sink hypothesis (18) . A recent report (19) supports all of these mechanisms and suggests that they may act synergistically.
By using phage-peptide libraries displaying random combinatorial peptides the EFRH epitope, located at position 3-6 of the N terminus of A␤P, was identified as the minimal key sequence that controls peptide aggregation (20, 21) . EFRH site-directed Abs were generated and proved in in vitro studies to prevent and suppress aggregation of A␤P, as well as to resolubilize already preformed toxic amyloid fibrils (16, 22) . In in vivo studies, immunization of various AD-Tg mice, using the EFRH as antigen, was effective in reducing the number of A␤P plaques and the pathology associated with AD (23, 24) . EFRH epitope is available for Ab binding whether A␤P is in a soluble or aggregated state, and locking of this epitope by mAbs affects the dynamics of the whole molecule.
Here we show EFRH site-directed immunization of plateletderived amyloid precursor protein (PDAPP) Tg mice, a model of AD, which alleviated A␤P pathology and stimulated brainintrinsic neurogenesis, as manifested by the elevated number of cells incorporating BrdU (BrdU ϩ ). Most of these cells also express the mature neuronal marker NeuN and the activitydependent gene Zif268 (25) , thus appearing to be functional and, probably, integrated into the brain circuits.
PDAPP Tg mice demonstrated pathology similar to that of the early-onset and aggressive form of autosomal dominant AD (26) . Age-dependent increase in amyloid pathology in PDAPP mice inflicts stress/injury, leading to ectopic neurogenesis, as recently shown in DG of 1-year-old mice (27) . The recruitment of endogenous NSC in response to injury failed to lead to substantial recovery; however, we show here that the immunotherapeutic strategy stimulates functional neurogenesis.
Modulation of endogenous adult neurogenesis by immunotherapy for AD treatment may lead to development of new strategies for neurodegenerative disease treatment.
Results
The anti-EFRH immunization effect on alleviation of ADassociated brain pathology, i.e., reduction of amyloid burden and brain inflammation, is presented in supporting information (SI) the last BrdU injection. BrdU ϩ cells were abundant among cells lining the ventricles (ependyma) and SVZ, particularly in the anterior horn of the lateral ventricles ( Fig. 1 a-c and g-i) . We considered the first row of cells facing the ventricles to be ependyma, and cells whose nuclei resided within areas of approximately three times cell diameter surrounding the ventricle to be within the SVZ. We also observed BrdU ϩ cells in various areas of the brain, including the white and gray matter, such as cortex (Fig. 1d) , hippocampus (Fig. 1e) , optic tract (Fig. 1f ) , and more.
An overall elevation in the number of BrdU ϩ cells in treated vs. untreated animals was observed, which varied according to area examined. The total number of BrdU ϩ cells in PDAPP Tg treated mice (85,520 Ϯ 11,518; P Յ 0.013) was approximately three times higher than that of PDAPP Tg control, untreated mice (25,100 Ϯ 10,756), whereas in the cells lining the walls of ventricles it was approximately five times higher (41,040 Ϯ 10,711 vs. 7,753 Ϯ 6,025, respectively; P Յ 0.05) (Fig. 1j) (Fig. 2 a-c) , particularly in the granular and SGZ of the DG, cortex (Fig. 2d) , and SVZ (Fig. 2e) . BrdU ϩ / NeuN ϩ cells were also observed in vascular beds surrounding large blood vessels (Fig. 2f ) and in white matter areas, such as the optic tract ( Fig. 2 g and h) . A significantly elevated number of double-labeled BrdU ϩ /NeuN ϩ cells in PDAPP Tg treated mice, compared with PDAPP Tg-untreated mice, was counted in the cortex, amygdala, hippocampus, optic tract, thalamus, and ependyma and subventricular layer of the lateral ventricles (Fig.  3a) . In other regions, such as the striatum, internal capsule, and corpus callosum, the numbers of BrdU ϩ /NeuN ϩ cells were almost equal among the experimental groups.
The mean numerical density of the BrdU ϩ cells in two coronal sections at the levels of Ϫ1.6 and Ϫ3.6 from the bregma was approximately two times higher in PDAPP Tg treated mice (4.2 Ϯ 0.4 cells per square millimeter) compared with PDAPP Tg-untreated controls (2.3 Ϯ 0.4 cells per square millimeter) (P Յ 0.005) (Fig. 3b) . The mean numerical density of the double-positive BrdU ϩ /NeuN ϩ cells in these sections was Ϸ2.5 times higher in PDAPP Tg treated mice (3.6 Ϯ 0.4 cells per (Fig. 4) . Zif268 is primarily expressed after synaptic activation and therefore serves as a marker of synaptic functionality (25, 28, 29) , and it has been shown to be necessary for formation of different forms of long-term memory (reviewed in ref. 30 ). The triple-labeled cells (BrdU ϩ /NeuN ϩ /ERG1 ϩ ) were observed in all of the aforementioned areas hosting BrdU ϩ cells.
Discussion
A␤P immunization of murine models of AD proved to be effective in A␤P plaque reduction, correlated with improvement in cognitive functions (13, 14) . We suggest here that the improvement in memory and learning, combined with alleviation of the neurotoxic amyloid burden and the pathology associated with it, may reflect functional neurogenesis induced by the anti-A␤P immunization.
Enhanced neurogenesis has been reported in various conditions of brain insults, such as stroke (31) , focal cerebral ischemia (31-33), Parkinson's disease (34) , epilepsy (35) , and Huntington's disease (36, 37) , as well as AD (38) and in animal models of AD, such as PDGF-APP Sw,Ind (39) , APP23 (40) , and PDAPP mice (27) .
Here we provide the first evidence of stimulation of endogenous neurogenesis in PDAPP Tg mice, modulated by EFRH site-directed immunization. We found a significant increase in the total number of BrdU ϩ cells in the brains of PDAPP Tg treated mice compared with untreated animals. We did not find such an increase in BrdU ϩ cells in the brains of PDAPP Tg mice treated with scrambled peptide.
A 3-fold elevation in the total number of BrdU ϩ cells in treated vs. untreated animals was observed in various areas of the brain, indicating that the treatment had an effect on progenitor cell proliferation, migration, and survival. We also show a 5-fold elevation in the number of BrdU ϩ cells lining the ventricle walls, which we considered to be ependymal cells, indicating that the treatment is directed primarily at mitogenesis/ proliferation of these cells.
BrdU ϩ cells are the direct surviving progeny of the cells that were in the S-phase during exposure to the label (41). These cells had to migrate to their destination site and complete their differentiation into mature neurons, a process that takes a few weeks (42, 43) . For that reason, in the present study the mice were killed 41 days after the last BrdU labeling to let the newly born cells, which incorporated the tracer, to survive and finish migration and maturation and to integrate into the brain circuit (42) (43) (44) . This time point had its pitfalls because, by confining ourselves to only one time point, we were unable to assess the balance between cell genesis and cell death. Another pitfall is the BrdU diluting factor (reviewed in ref. 41 ) that causes the neuroprogenitor cells, which continued to divide and to become indistinguishable and, thus, uncountable. BrdU tracer labels also some injured cells undergoing DNA repair in addition to proliferating cells, but it was reported that a standard dose of BrdU (50 mg/kg of body weight) injected into adult rodents is not sufficient for detecting DNA repair during apoptosis (45) . In addition, BrdU is not cell-lineage-specific; therefore, it is important to establish BrdU ϩ cell phenotype by staining with specific markers, such as NeuN (reviewed in ref. 41) .
We demonstrate here that anti-EFRH immunization had a marked effect on progenitor cells by promoting their differentiation and maturation into neurons. In PDAPP Tg treated mice the numerical density of BrdU ϩ /NeuN ϩ cells was 2.5-fold higher than in PDAPP Tg control mice. This increase was inversely correlated with amyloid burden and GFAP load alleviated by the treatment. Furthermore, in treated animals the fraction of BrdU ϩ /NeuN ϩ of the total BrdU ϩ cells was significantly shifted toward the neuronal phenotype. Because wild-type C57BL mice did not respond to immunological challenge with EFRH antigen, we were unable to correlate the anti-EFRH Abs with endogenous neurogenesis in these mice.
Despite previous assumptions that considered NSC to be confined to the SVZ and the DG, recent studies found that NSC are also widely present in nonneurogenic regions throughout the adult CNS, such as the spinal cord, cerebellum, septal and striatal parenchyma, and others (reviewed in refs. 46 and 47) . Recently, Takemura (48) provided evidence for neurogenesis within the white matter (external capsule) of normal rats, termed the temporal germinal layer. However, under normal physiological conditions these cells generate glial cells. Our results also show that BrdU ϩ cells were observed in various areas of the brain: i.e., cortex, septal nuclei, thalamus, hypothalamus, amygdala, CA1, CA3 of the hippocampus, and SGZ. In the white matter we detected cells in the corpus callosum, hippocampal commisure, fornix, alveus, fimbria, internal and external capsule, and cerebral peduncles. BrdU ϩ cells were observed in midbrain, especially in cells lining the walls of cerebral aqueduct, periaqueductal gray, mecencephalic nuclei, the superior coliculli, superior brachium, and lateral geniculate nucleus and optic tract, as well as in the vascular bed. Most of these cells were BrdU ϩ / NeuN ϩ newly born neurons. Indeed, almost all of these areas, being isolated in vitro, were shown to contain stem cells and have a potency for neurogenesis under appropriate physiological conditions and microenvironmental factors (49, 50) .
It was previously proposed that adult-generated neurons might be involved in normal functions of areas to which they were added. New cells in the DG may play a role in hippocampal modulation of memory (51); new cells in the hypothalamus may be involved in energy balance (52) . Similarly, newly generated neurons in the olfactory bulb were integrated into the neural circuitry involved in processing sensory input (53) . Here we provide evidence that the newly born neurons mature and start to participate in activity-dependent protein expression because most of the BrdU ϩ /NeuN ϩ cells expressed Zif268, a marker of functionality (25, 28, 29) . We therefore show that anti-EFRH immunization of PDAPP Tg mice generated newly born neurons that can respond to synaptic input and, thus, may have been properly incorporated into the brain.
The mechanism of anti-EFRH modulatory effect on neurogenesis is still under investigation and might be explained according to a few reported data regarding the role of A␤P as a neurotrophic and/or neurotoxic agent. One possible explanation stems from recently reported studies depicting the benefits of A␤P. Lopez-Toledano and Shelanski (54) showed that A␤P increases neurogenesis in hippocampal stem cell culture in a dose-dependent manner, suggesting that formation of new neurons is more likely to be induced by ''soluble'' forms of A␤P. Therefore, the beneficial effect of anti-EFRH treatment might stem from the neurogenic effect of the soluble forms of A␤P, which remain after disaggregation and removal of aggregated dense plaques by these Abs, as well as from clearance of excess A␤P (16, 20-24, 55, 56) .
The second possible explanation arises from recent studies (57, 58) , where human A␤P, injected into the lateral ventricle, inhibited long-term potentiation in rat hippocampus in vivo. This effect was completely reversed by a mAb to A␤P, suggesting that Abs to A␤P can exert a beneficial effect by directly neutralizing potentially synaptotoxic soluble A␤P species in the brain. The high correlation between increased neurogenesis in PDAPP Tg treated mice and reduction in amyloid burden (SI Fig. 5I ) advocate this hypothesis, which nevertheless still needs to be proved.
A third possible explanation of the beneficial effect on neurogenesis stimulation in anti-EFRH-treated PDAPP Tg mice may correspond to alleviation of neuroinflammation (SI Fig. 5 II and III), exhibited as reduced astrocytic and microglial activation. Brain inflammation causes inhibition of neurogenesis (59, 60) , and precursor cells tend to become astrocytes rather than neurons under conditions of chronic inflammation (61) . Therefore, the anti-EFRH immunization, which significantly reduced brain GFAP and F4/80, a marker of activated microglia, may promote generation of neuronal precursor cells and, fur-thermore, lead them toward maturation. All of these arguments favor neurogenesis, and there seems to be a combination of effects, resulting from neutralization and clearance of such neurotoxic A␤P species, until the ''neurotrophic'' concentration of A␤P is reached.
Recently, similar results demonstrating the neurogenic effect of drugs used to treat cognitive impairment in a Tg mice model of AD, AChE inhibitors and an NMDA antagonist (tacrine, galantamine, and memantine), were shown in vitro and in vivo (62) . All of these treatments potentiated neurogenesis in the two principal neuroproliferative regions of the rodent brain: the SGZ and the forebrain SVZ.
Increased neurogenesis in DG from patients with AD was reported (38) and was proposed to represent a response to injury that is directed at brain repair, but progressive cell loss was still observed. If pathological features of AD trigger increased neurogenesis, then one mechanism through which AD treatments might produce symptomatic improvement might be by augmenting this effect. Indeed, the AD patients treated with AN1792 in the first Elan/Wyeth clinical trials showed that Ab responders had a more pronounced reduction in brain volume than nonresponders, and this reduction in brain volume is associated with better cognitive performance (63) . These volume changes may be due to amyloid removal. In our experiments we measured volume of brain and hippocampi and found reduction in brain volume, but not in the hippocampus, which brought about an elevation in the percentage of volume occupied by the hippocampus in treated vs. untreated animals (data not shown).
In conclusion, anti-EFRH Abs stimulate endogenous neurogenesis and can thus contribute to recovery from AD and other neurodegenerative diseases related to A␤P overproduction and neurotoxicity, bearing hope for future treatment. Despite the fact that the mechanism of the anti-EFRH vaccination effect on neurogenesis is still under investigation, this report suggests that A␤P immunotherapy can stimulate formation of new functional neurons in brains of Tg treated mice, which may be associated with improvement in cognition.
Materials and Methods
Animals. Four-month-old male and female APP V717F heterozygous Tg mice (PDAPP) were provided by Elan Pharmaceuticals (South San Francisco, CA). PDAPP mice were produced on a Swiss-WebsterϫB 6 D 2 F 1 (C57BL/6ϫDBA/2) outbreed background (26) . In parallel, wild-type C57BL mice were used as control. Mice were maintained under a 12-h light/12-h dark cycle, with rodent chow (Koffolk, Tel-Aviv, Israel) and water provided ad libitum. The animals were housed 5-10 per cage in a room maintained at 22 Ϯ 0.5°C under laminar flow. All procedures performed were reviewed and approved by the Animal Care and Use Committee of Tel-Aviv University before initiation of the study.
Immunization Procedure. EFRH and scrambled EFRH peptides were used as the antigens for immunization. Because of poor immunogenicity, we prepared multiple antigenic peptide with 16 copies of the antigens. For immunization, the antigens were emulsified with 2 volumes of complete (for primary immunization) or incomplete (for following boosts) Freund's adjuvant (Difco Laboratories, Detroit, MI). Four-month-old PDAPP Tg mice (n ϭ 12) were immunized by i.p. injection of 100 g of antigens five times, once every 2 weeks. Two additional boosts were injected at 12 and 13 months of age.
BrdU Labeling. At the age of 14 months, all PDAPP Tg mice were injected i.p. once per week for 4 weeks with 0.1 ml of BrdU per 100 g of body weight (Zymed/Invitrogen, Carlsbad, CA). Mice were killed 41 days after the last BrdU injection.
Abs. All Abs were diluted in TBS (pH 7) containing 0.1% Triton X-100 and 0.05% Tween 20. Primary Abs were supplemented with 3% donkey serum. The primary Abs used were as follows: rabbit anti-GFAP (1:1,000; DAKO/Cytomation, Glostrup, Denmark), mouse anti-neuron-specific nuclear protein (NeuN, 1:200; Zymed), rat anti-F4/80 (1:100; Serotec, Oxford, U.K.), sheep anti-BrdU (1:200; Biodesign International, Saco, ME), and rabbit anti-Zif268 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA).
The following secondary Abs used were purchased from Zymed: broad-range polymer HRP (Picture Plus kit) or biotinylated goat anti-rat HRP followed by avidin-HRP, which were developed by 3,3-diaminobenzedine tetrahydrochloride (Zymed). The following secondary fluorescent Abs were used: goat anti-mouse Cy3 and goat anti-rabbit Cy5 (1:500; Jackson ImmunoResearch Laboratories, West Grove, PA), goat antimouse Alexa Fluor 546, and donkey anti-sheep Alexa Fluor 488 (1:200; Molecular Probes, Carlsbad, CA).
Neuropathological Evaluation. At 16 months of age all animals were deeply anesthetized with ether and intracardially perfused with 4% paraformaldehyde (Sigma, Rehovot, Israel) in 0.01 M phosphate buffer (pH 7.4) containing 5 units/ml heparin (Sigma). The brains were excised and further postfixed with the same fixative overnight at 4°C. Brains were dehydrated and embedded in paraffin. Serial coronal sections (5 m) were taken in an anterior-to-posterior direction 300 m apart from each other. Sections were then prepared for histological and immunohistochemical evaluation.
Light Microscopy. Bright-field and fluorescent signals were detected by using a Leica (Wetzler, Germany) DMLB microscope and a LS510 Zeiss (Jena, Germany) confocal microscope.
Counting of BrdU ؉ Cells. Sections were quenched by 3% H 2 O 2 in methanol for 5 min at room temperature. BrdU-incorporated cells (BrdU ϩ ) were detected by a biotinylated mAb against BrdU, followed by streptavidin-HRP (BrdU staining kit; Zymed) according to the manufacturer's instructions. Sections then were exposed to 3,3-diaminobenzedine tetrahydrochloride and counterstained with hematoxylin. As a negative control we omitted the first Ab, and as positive controls we used sections of gut and spleen of mice that had been daily injected with BrdU for a week and killed 30 min after the last injection.
Quantification of BrdU ؉ Cells Along the Hemisphere. Microscopic evaluation was performed at a magnification of ϫ400. The total number of BrdU ϩ cells in the left hemisphere was estimated by using unbiased stereological counting methods (42, 64) . BrdU ϩ cells in each hemisphere were counted in three control and three treated animals by a blind-to-treatment investigator in serial (anterior to posterior) coronal brain sections, taken every 300 m from area 0.5 to area Ϫ3.6 to Ϫ3.8 from the bregma. The total number of BrdU ϩ cells (N) was estimated in each hemisphere by multiplying the sum of cells in each of the series of 5-m sections (͚N counted cells ) by the sampling fraction (k). Because every 60th section was used for counting, the sampling fraction was k ϭ 60; thus, the total number was calculated by multiplying the sum of the cells in each of the series by 60.
Evaluation of BrdU ؉ Phenotype. For this purpose we examined the colocalization of BrdU incorporation with NeuN, a marker of mature, differentiated neurons, and with the early functional gene Zif268 in the BrdU ϩ cells, as a marker for synaptic functionality in neurons (25, 28, 65) .
For immunofluorescent double (sheep anti-BrdU and mouse anti-NeuN) and triple (sheep anti-BrdU, mouse anti-NeuN, and rabbit anti-Zif268) labeling, we used paraffin sections (5 m), which were microwaved in 0.01 M TBS (pH 9.0) containing 0.005 M EGTA and boiled for 15 min. After cooling, sections were blocked with Ultra-V block (Lab Vision, Fremont, CA) and incubated with the mixture of first Abs overnight at 4°C. After rinses in TBS, the sections were incubated consecutively for 1 h at room temperature with anti-sheep Ab conjugated to Alexa Fluor 488, anti-mouse Ab conjugated to Cy3 or Alexa Fluor 546, and anti-rabbit Ab conjugated to Cy5. Sections were washed with TBS (pH 8.0) and mounted in anti-fade mounting media containing 0.25% 1,4-diazabicyclo-(2,2,2)-octane (Sigma) and 5% propyl gallate (Sigma) in glycerol.
Quantification of Double and Triple Immunolabeling. BrdU ϩ cells were counted by a blind-to-treatment investigator in two coronal sections at the levels of Ϫ1.6 and Ϫ3.6 from the bregma, respectively, using a fluorescent microscope at a magnification of ϫ630. Images were obtained via a CCD color video camera (ProgRes C14; Jenoptic, Jena, Germany). BrdU ϩ cell double-labeling with NeuN was verified by obtaining two images, using a 580-nm filter for Cy3 and a 480-nm filter for Alexa Fluor 488, from each studied frame. The images were composed by using PhotoStudio 2000 (ArcSoft, Fremont, CA) software, and double-labeled cells were counted. The numerical densities of all BrdU ϩ , BrdU ϩ /NeuN ϩ , and BrdU ϩ / NeuN Ϫ cells were calculated as the number of cells per square millimeter of brain section. Using 5-m sections, the chance of false positive detection of two overlapping cells, one expressing BrdU and the other expressing NeuN, was very slim. Expression of the immediate early gene Zif268 colocalized with BrdU and NeuN was studied in all BrdU ϩ cells in each section by using the confocal microscope.
Statistical Analyses. Data are presented in the text as mean Ϯ SEM. Statistical differences between groups were determined by a two-tailed t test, with planned comparisons between groups (Tg control vs. Tg treated). For analysis of three and more variables we used one-way ANOVA followed by post hoc comparison testing. Correlations between variables were determined by linear regression analysis. For all analyses, P Յ 0.05 was considered significant. Statistical analyses were performed by using SPSS software (SPSS, Chicago, IL).
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